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PERFOFMINCE 03' A TLTBULAR TURBOJET COMBUSTOR AT HIGH 

PrnSUREs AND TEMpERATuItEs 

By Helmut F. Butze and Jerrold DI W e a r  

SUMMARY 

The ef fec ts  on combustor performance  of operation at the high i n l e t -  
air pressures , temperatures , and .velocities  representative of conditions 
tha t  may be encountered in  high-pressure-ratio  turboJet  engines or at  . 
high flight speeds w e r e  s tudied  in  a single tubulm combustor. Perform- 
ance characterist ics  investfgated were codustor- l iner  teqeratures, 
carbon  deposition, smoke formation, and combustion efficiency. Carbon- 
deposition and smoke-formation tests w e r e  conducted over a range of 

combustor-inlet  temgeratures  from ZOO0 t o  860° F, and reference  veloc- 
ities from 78 t o  180 feet per second. Combustion eff ic iency and l i ne r  
temperature tests were conducted a t  selected conditions  within  these 
r awes . 

7 
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w codustor-inlet   pressures f rom 35 t o  173 pounds per  square  inch  absolute, 

Although l i n e r  temperatures w e r e  affected t o  some extent by changes 
in   ve loc i ty  and fuel-air ra t io ,   by  far the  most s ignif icant  effects were 
produced by changes i n   i n l e t - a i r  temperature. The increases   in   l iner  
temperature were, generally,  appreciably  lmger  than  the  increases  in 
inlet-air temperature.  Liner t e ~ p e r a t u r e s  as high as 2O0O0 F were ob- 
served at an in le t -a i r  tenqerature of 860° F. Operation of t he  conibustor 
a t  high inlet-air pressures, temperatures, and veloci t ies  resulted i n  
frequent  l iner failures due t o  extreme warping and  burning of the   l iner .  

A t  low in le t - a i r  temperatures, carbon  deposition  increased  rapidly 
with increasing  pressure;  the  carbon was generally  deposited  uniformly 
i n   t h e  dome and the upstream section of the   l iner .  A t  high inlet-air 
temperatures, t o t a l  carbon  deposition w a s  considerably lower at all 
pressure levels and was  concentrated i n  one or more isolated  places   in  
the upstream section of the  l iner ,   whi le   the dome and the rest of t he  
l i ne r  w e r e  very  clean. Smoke formation  increased  with  increasing  pres- 
B u r e ,  and with increasing inlet-air temperature up t o  a temperature of 

format ion. 
h 600' F; fur ther   increases   in   inlet-ai r  temperature reduced smoke 
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H i g h  values of combustion efficiency were observed at most of the 
conditions  investigated. In general, conibustion efficiency  increased 
with increasing  pressures and temperatures and w i t h  decreas.ing  velocity. 
The effects  of pressure and velocity were v-ery small a t  high  inlet-air  
temperatures. 

Research on problems associated with turbojet  combustors designed 
for  operation i n  high-speed, high-altitude a i r c ra f t  i s  being  conducted 
at the Lewis laboratory. A previous  report  (ref. 1) describes  the ef- 
f ec t s  of high inlet-afxr pressure (up t o  1 2  a t m )  and velocity on conibus- 
tion  efficiency,  carbon  deposition, and smoke formation in a single 
tubular conibustor. Th.e investigation  reported  herein  extends  the data 
of reference 1 to imlude the effects  of high inlet-air temperatures on 
these and other performance factors.  

A t  surpersonic flight speeds (Mach nuuiber, 2.5) and at a flight 
a l t i tude  of 50,000 feet, an engine with a pressure r a t i o  of 7, repre- 
sentative of current development engines, will produce  a combustor 
inlet-air  temperature of 940' F and a pressure of 166 pounds per  square 
inch  absolute.  Similar  pressure and temperature  conditions  occur even 
a t  low f l i g h t  speeds i n  higher  pressure-ratio (12 t o  15) engines. In  
contrast, a current-production eng-fne with a pressure  ratio of 4, operat- 
ing at the sanie alt i tude  but at subsonic flight speed, w i l l  produce a 
corresponding  gressure and temperature of I3 pounds per  square  inch ab- 
solute and 290 F, respectively. Air-flow rates  per  unit  cross-sectional 
area are a l s o  being  increased in  current development engines, resulting 
in higher  velocities through the conibustor. 

Investigations have shown that hfgh pres~ure will result in 
greater  carbon  deposition  (ref. 11, i n  more  smoke in   t he  exhaust gases 
(ref. 2 )  , and in  higher f l a m e  emissivities (ref. 3). The high flame 
emissivit ies,   in combination with less effective  convective  cooling 
resul t ing from high inlet-air temgeratures, would be expected to   in -  
crease  liner wall temperatures and thus  ser iously  affect   l iner   l i fe .  
Increases  in  velocity result i n  decreases i n  combustion efficiency, 
which w i l l ,  however, be at l ea s t  partly offset  by the improved eff i- 
ciency  resulting from higher conibustor-inlet pressures. 

The effects  of high inlet-air  temperatures on these performance 
fac tors  have not  been  investigated  extensively,  particularly  in conibi- 
nation with high  pressures and velocities. A n  investigation was under- 
taken  therefore t o  determine the effects of high inlet-air  pressures, 
temperatures, and velocit ies on coni~ustor wall temperatures,  carbon 
deposition, smoke formation, and combustion efficiency. 

6. .. 

.. . 

ii 



NACA FfM E55A24 3 

L 

A single ttibuLar  conibustor, i n s t a l l e d   i n  a direct-connect f a c i l i t y  
capable of sugplying air at pressures and temperatures as high as 300 
pounds per s q u e  inch  absolute and 900° F, respectively, was used in 
this  investigation. Combustion-chaaiber carbon-deposition and smoke- 
formation data were obtained a t  inlet-air pressures from 35 t o  173 
pounds per  square inch absolute and inlet-air temperatures *can 20O0 
t o  860° F over a wide range of inlet-air veloci t ies  and fuel-air ra t ios .  
Combustion efficiency tests were conducted a t  inlet-air pressures of 58 
and 176 pounds per square inch  absolute and  temperatures of ZOOo and 
860' F over a range of veloci t ies  and fuel-air   ra t ios .   In   addi t ion,  a 
number of tests were conducted with a codus tor  Yner tha t  w a s  inatru- 
mented t o  provide w a l l  temgerature data. 

+ 

APPARATUS 

C c a d b u s t o r  lhstamticm 
The conibustor ins ta l la t ion ,  shown schematically i n  figures 1 and 

2, was essent ia l ly   the  same as that described  in  reference 1. A 

pressure  codustor housing similar t o  a J33 housing  except that   circu- 

assembly was connected to   the   l abora tory  450-pound-per-square-inch air- 
supply system and t o  an  atmospheric-exhaust d f l e r .  

? -  production-model 533 inner   l iner  and done w e r e  installed i n  a high- 

8 lar  inlet- and exhaust-transition  sections were used. This combustor 

Air-flow rates and.combustor  pressures were regulated by remotely 
controlled  valves  upstream and downstream of the conibustor; fuel-flaw 
r a t e  w a s  controlled  by means of a needle  valve  located downstream of a 
high-pressure fuel p'inqp. Four water-spray  nozzles,  spaced axially i n  
the  exhaust  ducting and supplied  by a high-capacity,  high-pressure p-, 
were used t o  cool the e a u s t  gases   pr ior   to  their passage  through  the 
exhaust  control  valve. 

The conibustion air was heated t o  the  desired temperature by means 
of a preheater  capable of heating 15 pounds per second of high-pressure 
air to a temperature of about 900° F. The heat exchanger consisted of 
a ser ies  of coiled  Inconel t d e s ,  connected in para l l e l ,  through which 
the  high-pressure air flowed. The t ~ e s  were heated external ly ,   in  
crossflow,  by  c&ustion  gases from an  auxiliary  turbojet  conibustor. 

Instrumentation 

Air-flow rates w e r e  measured by a square-edged o r i f i ce   p l a t e   i n -  
stalled  according t o  A.S.M.E. specifications. The pressure drop across 
the   o r i f i ce  was  measured by a commercial  pneumatic differential-pressure 
transmitter and a differential manometer. Fuel flow was measwed 

b 
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. 
by a calibrated rotameter  located  upstream of a high-pressure pump. 
In le t -a i r  and exhaust-gas  temperatures were measured by two enclosed 
single-Junction  chromel-alumel thqocouplee  (plane C-C, f ig .  2) and by 
eight  two-Junction  platinum - platinum-rhodium (13 percent) thermocouple 
rakes  (section B-3, f i g .  Z), respectively. The exhaust-gas  thermocouple 
supports were made of brass and were cooled by a stream of high-pressure 
a i r  bled frbm the  combustion-air supply upstream of the  orifice.  Con- 
s t ruct ion  detai ls  of the  temperature- and pressure-measuring  probes axe 
shown in reference 1, By  means of a suitable  switching  arrangement, 
either  individual  temperatures o r  an  instantaneous  average of all exhaust- 
gas thermocouples  could be obtained. . Inlet-air  and exhaust-gas t o t a l  
pressures were each measured by four  three-point  total-pressure  probes 
located at plane D-D and section A-A (fig. 2 ) ,  respectively, and connected 
t o  strain-gage-type  pressure pickups. Individgalpressure probes and 
thermocouple  junctions were located a t  the centers of equal area. All 
combustor pressure8 and temperaturee were indicated on automatic-balancing 
potentiometere. 

The relative  quantity of smoke i n  the exhaust  gases was determined 
with a smoke meter that consisted  essentially of an  air-cooled  fFlter 
press  through which-a metered volume of exhaust  gas w a s  drawn. Smoke 
par t ic les  suspended I n  the gas were deposited on a paper f i l t e r  a s k .  
The optical  density of the smoke-covered f i l t e r  paper, as determined by 
a transmfssion  densitometer, was considered a measure of the amount of 
smoke in   t he  sample. The apparatus and  method  of smoke .determination 
are  described more fully i n  reference 2. -aut-gas samples were ob-. 
tained from one of the three-point  total-pressure  probes  located at 
section A-A ( f ig .  2). 

Liner Equipped with Themcouples 

W a l l  temperatures of the conibustor inner  l iner were determined w i t h  
a special   l iner equlpped with cbromel-alumel thermocoqlea. The thermo- 
couple  junctions were welded a t  selected  locations t o  the  outer  surface 
of the l iner  and were covered with an  insulating  ceramic cement in  order 
t o  minimize convection  losses. A developed view of the l i ne r  showing 
thermocouple locations and designations is presented  in  f igure  3(a);  a 
photograph of the l i ne r  and dome showing the .method of thermocouple in- 
s ta l la t ion  is presented  in figure 3(b). The or iginal   instal la t ion con- 
tained 16 t h ~ o c o ~ l e s ;  the results from only 14 thermocouples are  pre- 
sented  herein  because two of the junctions failed i n  preliminary  teste. 

Fuel Nozzles 

During the investigation four s izes  of fuel nozzles were u t i l i zed  
i n  order t o  achieve the desired flow rates .  and s t i l l  maintain an Etde- 
quate  nozzle  pressure drop. The flow capacities of the  four nozzles are 
l i s ted  i n  the folloVing table: 

to 
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K 
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Nominal flow capacity a t  

capacity, lb/sp in., 
angle at ra ted  pressure drop of 100 
Approximate spray 

gal fk deg 

21.5 

70  60 
80 40 
80 

a110 75 

aModified 60-gal/hr nozzle. 

A production-type jet fue l ,  MIL-F-56246, grade Jp-4 (NACA f u e l  
52-288), was used in   this   invest igat ion;  chemical and physical  properties 
of t h i s  fuel are presented i n   t a b l e  I. 

* 

PROCEDURE 
.I 

Carbon Depositlon and Smoke 

Carbon-deposition and smoke-formation tests were conducted a t  the  
approximate codustor  operating  conditions shown i n  the following table: 

I; condition 
In l e t  -air 
total   pressure,  
lb/sq  in. abs 

35 
60 
86 
86 
86 
17 3 

Inlet -air 
temper - 
ature, 

OF 

200 - 860 
200 - 860 
200 - 860 

400 
400 

200 - 860 

I n l e t  -air 
reference 
velocity, a 

f t/sec 

78 
78 
78 

78 
78 

78 - 180 

Terqperature 
rise, 

OF 

1165 
1165 
1165 
ll65 

ll65 
765 - 1565 

%sed on maximum cross-sectional area of combustor housing 
(0.267 sq f't a t  reference  plane,  fig. 2)  and in le t -a i r  
s ta t ic   pressure and teqerature. 

An inlet-air temperature of 8600 F and pressures of 35 86, and 

sentative of operation i n  a turbojet  engine  with a pressure  ra t io  of 
1 2  (at sea-level and rated speed) at a f l i g h t  Mach  number of 1.8 and 

* 1 7 3  pounds per  square  inch absolwLe (conditfons A, C, and FI are repre- 

* 
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al t i tudes of 70,000, 50,000, and 35,000 feet, respectively. The other 
test conditions were included t o  provide  comparisons of the independent 
effects  of pressure,  temperature,  velocity, and fuel-air r a t i o  on carbon 
deposit  ion and smoke. 

Carbon-deposition tests were conducted fo r  a period  of 2 t o  3 
hours, during which tFme the specified  operation  conditions were held 
constant.  Prior t o  each test run,  the  codustor  inner-liner and dome 
assembly  and the ignition  plug were c1eane.d. with- .rotating wire brushes 
and then weighed on a torsion-type  balance; at the end of the test these 
g a r t s  w e r e  reweighed. The difference  in weight of these parte  plus  the 
w e i g h t  of the  deposit on the  fuel  nozzle and  any  loose  deposits  within 
the chaniber represented the t o t a l  deposit  reported  herein.  Since  ref- 
erence 1 shows that, f o r   t e s t  durations up t o  3 hours, carbon deposition 
increases l inear ly  with time, the data have  been  generalized and are 
expressed as grama of carbon  deposited per m.. . . 

Smoke measurements were made by  the  aforementioned filter technique. 
A bypass line  located  immediately upstream of the smoke meter provided 
continuous purging of the sampling l i ne  and served t o  reduce  the gas 
pressure a t  the smoke meter. After combustor operation had been stabi-  
l i zed  a t  the desired  conditions, a fixed v o l m  of exhaust gas was 
passed  through the smoke meter. The difference  in  optical   density 
readings between the smoke-covered and clean f i l ters was considered 8 
measure of the amount of smoke in   the  sample and i s  re fer red   to  as 
"smoke density'' i n   t h i s   r epor t .  

Conibustion Efficiency and Liner  Temperatures 

Combuetion eff ic iency  tes ts  were conducted  over a range of fuel-air  
r a t io s  at the conibustor-inlet  conditions shown i n   t h e  following table: 

I n l e t  -air 
ence  velocity, t eqe ra tu re ,  total   pressure,  
Inlet-air refer- Inlet  -air 

lb/sq in. abs f t /sec OF 
58 70 200 

17 0 
130 

860 70 
130 
17 0 

17 6 ' 200 - 7 0  
130 

860 70 
130 
170 

. 
P 

i 

F 

t 
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Conibustion efficiency is  defined as the r a t i o  of the  actual  enthalpy 

f 
rise  across  the conibustor  (between plane C-C and section B-B, f i g .  2) t o  
the  total   enthalpy  supplied by the   fue l  and was computed by  the method 
of reference 4. The conkustor-exit  enthalpy was computed from the  in- 
stantaneous  average  (parallel  circuit) of the 16 exhaust-ga6  thermo- 
couples.  Temperatures were taken as total  temperatures and no correc- 
t ions  for  conduction and radiation  errors were made. 

CN cn 
8 

Test  conditions  for  the  liner  temperature  tests were the same as 
those employed for   the combustion eff ic iency  tes ts .  However, because 
of s t ruc tura l   fa i lure  of the   l iner ,  wall temperature  data were not ob- 
tained at all t e s t  ConCLitions. 

Pressure Drop 

Collibustor total-pressure loss  data were recorded at all test con- 
ditions.  Pressure drop is  expressed  herein  as  the  dimensionless  ratio 
aP/q,, where AP is the  total-pressure loss across  the  cofimtor and 

h qr is the  reference  velocity  pressure  based on the  reference  velocity 
and s ta t ic   densi ty  of the inlet a i r .  

. 
RESrnS 

The data  obtained  during this investigation are presented in table  
11. The effects  of conibustor operating  vkiables on l iner  wall  temper- 
atures,  carbon  deposition, smoke formation,  conibustion  efficiency,  and 
combustor pressure loss are described,  in  this  order,  in  the  following 
paragraphs. 

Liner Wall Temperatures 

Temperatures of the o d e r  surface of the  co&ustor  liner  obtained 
under the  various  operating  conditions  are  gresented  in  figure 4. The 
data show t h a t ,   a t  an  inlet-air  temperature of 860' F, l i ne r  tempera- 
tures  generally  increased  with  increasing  exhaust-gas  temperature. A t  
an inlet-air  temperature of 20O0 F, however , the  increase  in  l iner tem- 
peratures  with  increasing  exhaust-gas  temperature was l e s s  pronounced 
and i n  a few cases a decrease was noted.  Increases in  reference  veloc- 
i ty ,   a t   cons tan t  inlet-air pressure and temperature,  decreased  liner 
wall  temperatures. Comparisons of the  curves  representing  constant 
inlet-air   velocity and temperature  but  at  different  pressures  indicate 
tha t  inlet-air pressure had no consistent  effect on liner temperature. 

ature,  which effected  very  large  increases  in  liner  wall  temperatures. 
The increase  in  liner  temperatures was, generally,  considerably  greater 

- The most pronounced effect  was caused  by  increases f n  in le t -a i r  temper- 

1 
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than  the  increase  in  inlet-air  temperature.  Liner  temperatures  varied 
from  approximately 200° t o  1000° F a t  the low inlet-air temperature con- 
dit ions and from about 1000° t o  2000° F a t  an inlet-air  temperature of 
860° F. 

In  order  to illustrate the  effect  . o f  a s a l  distance- from the fue1 
nozzle on liner  surface  temperature,  the  data of f igure 4 have been 
cross-plotted  in  figure 5 f o r  an  exhaust-gas t q e r a t u r e  of 1600° F and 
f o r  two typical  circumferential  thermocoqle  locations: (1) thermo- 
couples between air-admission  holes,  and (2)  thermocouples i n   l i n e  with 
louvers. A t  an in le t -a i r  temperature of 86Q0 F, l i n e r  temperatures de- 
creased  with  increasing  distance from the fuel nozzle,  while a t  an in le t -  
a i r  temperature of 200' F, no consistent  trend w a s  observed. 

Carbon Deposition 

The effect  of variations in combustor inlet-air  temperature and 
pressure on carbon deposition at constant combustor temperature rise 
is  shown in  f igure 6. In  general,  carbon  deposition  decreased  with 
increasing  inlet-air.  temperature. Accompanying t h i s  decrease in  carbon 
deposition was a pronounced change in  the  nature of the deposits. A t  
the low inlet-air  temperatures, uniform, hard  carbon  deposits were 
found on the dome and sometfmes i n   t h e  first few inches of the l iner .  
As inlet-air temperature was increased, the deposits became l lgh ter  and 
more sooty  unti l ,  at an inlet-air temperature of 860° F,.both  liner and 
dome were generally  very  clean. Whatever carbon  deposits were obtained 
at  the  elevated  temperature were found i n  one or more large  pieces * 

which ei ther  adhered to the inner  surface of the   l iner  (at the upstream 
end) or had broken away from the  l iner  surface and were found lying i n  
the liner or in   the  downstream section of the. combustor r ig .  The weights 
of the  loose  pieces of carbon which were found d a m s t r e e  of the can- 
bustor   l iner   a t   the  end of a t e s t  were not  included in   the weight of 
carbon  deposits  plotted  in  figure 6; however, t he i r  weights are  indi-  
cated  separately  in  -the  figure. 

The data  in figure. 6 have been replotted  in  f igure 7 t o   i l l u s t r a t e  
more clearly  the  effect  of combustor-inlet  pressure on carbon  deposi- 
t ion.  At an inlet-air  temperature of 2000 F (f tg . 7(a) ) , t o t a l  carbon 
deposition  increased.rapfdly  with  increasing  pressure. This effect  
decreased  with  increasing inlet-air tenperatwe until a t  a temperature 
of 860' F no significant  effect  of inlet-air   pressure on carbon  deposi- 
t ion was observed. In  figure  7(b),  deposit w e i g h t  i s  based on grams 
per  unit weight  of fue l  burned. A t  an inlet-air temperature of 2000 F, 
deposits  increased  with  an  increase in pressure from 35 t o  60 pounds, 
then  decreased  as  the  pressure was further  increased  to 173 pounds; 
a l l  pressures  are  in  units of pounds per square inch  absolute. For the 
other  inlet-air  temperatures,  the  deposits  decreased,  in  general,  with 
increase i n  pressure,  except for the  pressure  range from 60 t o  80 pounds 
per  square  inch  absolute. . . " . . . . . - . .  

P 
-- .- 
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The effects  of inlet-air reference  velocity and codustor  tempera- 
ture  rise or  fue l - a i r   r a t io  on carbon  dep0BitiOn a t  constant  inlet-air  
pressure and temperature m e  shown In f-es 8(a) and (b) , respectively. 
The data show a moderate increase  in  carbon  deposition  with  increase  in 
reference  velocity. On a basis of weight of carbon  deposit  per  unit 
weight of fuelburned,  the  deposits  varied  only  sl ightly  with  increases 
in  velocity.  Increase  in combustor temperature rise o r  fue l - a i r   r a t io  
r e su l t ed   i n  a slight increase  in carbon  deposits. On the  basis  of 
welght of deposits  per  unit w e i g h t  of f u e l  burned, the deposits  in- 
creased as the  temperature rise was increased t o  l l 6 5 O  F, then  the 
deposits  decreased w i t h  further  increase  in  teruperature rise. 

I 

Smoke Formation 

The effects of var ia t ions   in   in le t -a i r  pazameters on  smoke forma- 
t i on  are shown i n  figure 9. A t  constant inlet-air pressure,  velocity, 
and  conibustor temperature rise, smoke density  increased  rapidly  with 
increasing air temperature,  reached a maxirmnn a t  an inlet-air tempera- 

cu tu re  of 600' F , 'and  then  decreased  (fig. 9(a) ) . This trend was observed A -  at the two high-pressure  conditions only; at  the  low-pressure  condition 
the amount of smoke observed w a s  insignificant at a l l  values of i n l e t  

and combustor temperature rise, s m o k e  density  increased w i t h  increasing 
pressure (fig. g(a)).  trend w a s  consistent f o r  values of 
inlet-air teqemture investigated. The magnitude of smoke-density 
values  obtained  in  the  various  reference-velocity tests (fig.  9(b)) and 
codus tor   t eqera ture- r i se  tests (fig. ~ ( c ) )  w a s  too SELU t o  attach 
any  significance t o  the trends. 

d t eqe ra tu re .  A t  constant inlet-air temperature,  reference  velocity, 

Conkustion  EfPiciency 

The effect  of var ia t ions   in  inlet-air conditions on conibustion 
efficiency is shown i n  figure 10. For the range  covered,  conibustion 
efficiency  generally  increased  with  increasing fuel-air ra t io .  The ef- 
f e c t  of reference  velocity on conkustion  efficiency  varied  with  inlet- 
air teqperature. A t  an inlet-air  temperature of 2000 F , conibustion ef - 
ficiency  decreased markedly w i t h  increasing  reference  velocity, while at 
an inlet-air  temperature of 860° F, conbustion  efficiency w a s  not signifi- 
cantly  affected  by  velocity.  Increases  in inlet-air temperature, at con- 
stant  pressure and velocity,  increased coldbustion efficiency  except  at  
the  low-velocity  condition where higher efficiency w a s  obtained at the 
low inlet-air temperature  conditions.  Increases i n  pressure, at con- 
stant inlet-air temperature and velocity, brought about slight increaees - Fn oombustian efficiency, &B shown by a comparison of figure8  lo(a) 

(b). 
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Conibustor Total-Pressure Loss 

Combustor total-pressure  losses  are  presented i n  figure 11, where Y 

the r a t i o  of total-pressure drop to the  reference  velocity  pressure AP/q, is plotted agains-t  combustor-inlet to  .-outlet   gas-density  ratio.  -. 

The combustor pressure-loss  coefficient N/q, increased with increas- 
ing  gas-density r a t i o  and with  increasing  inlet-air  pressure and re f -  
erence  velocity.  Increases i n   i n l e t - a i r  temperature  resulted  in a slight 
decrease i n  the pressure-loss  cmff  icient . 8 

(0 
k-2 

. .  . ." 

I 

- 

DISCUSSION - 

Liner Wall Temperatures 

A discussion of the   e f fec ts  of operating  conditions on liner tem- 
peratures should be based primarily on heat-transfer  considerations. 
Thus, neglecting  conduction  along  the metal par te ,  the  heat  transferred . . 

t o  the l i ne r  by radiation from the flame and by convection from the  hot 
gases must equal the. .heat   lost  by the  l iner  by convection t o  the cooling t 

air and by radiation  to  the  outer  shell.   Variations  in  aperating param- 
eters m y  change one or more of these  heat-transfer  processes and thus 
affect  liner  temperatures. 

. .  " 

F 
. .  - " 

As shown in  f igure 4, l iner  temperatures increased  rapidly  with 
increasing  fuel-air  ratio o r  eAamt-gas temperature a t  an inlet-ai r  
temperature of 8600 F. This  increase maybe at t r ibuted t o  the effect  
of Increased  radiation from the flame to the   l iner   resul t ing from the 
increase i n  flame volume. A t  an inlet-air temperature of 2000 F, the 
increase  in  liner  temperatures  with  increasing  fuel-air  ratio was  much 
less pronounced and at two locations  (thermocouples 2 and 7)  l iner  tem- 
peratures  tended t o  decrease  with  increasing  fuel-air  ratio.  Since 
these two thermocouples were located  closest  to the fuel nozzle,  the 
decrease i n   l i n e r  temperatures may have been the  resul t  of fuel  wetting 
of the  l iner  wall a t  those  locations. 

The decrease in liner  temperatures  with  increasing  velocity  (fig. 
4) may be attributed to increases in convective  cooling. Hea t  transfer 
through  convection  incre,ases  with  increasing  velocity  or maes a i r  flow; 
hence  both  heating and cooling of the   l iner  through  convection should 
increase  with  increasing  velocity. Bowever, if it is  assumed that  the 
heat  transfer by radiation from  flame t o   l i n e r  does not change appre- 
ciably  with  velocity,  then  the  convective  cooling w i l l  assume a greater 
share of the   to ta l   hea t   t ransfer  and,  hence, liner  temperatures w i l l  be 
reduced. 

The large increase  in  liner  temperatures  with  increasing inlet-air 
temperatures (fig.  4) may be   a t t r ibu ted   to  one or more of the following 

(L 

.. 

c 
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factors :  (1) the large decrease i n  temperature d i f f e ren t i a l  available 
fo r  convective  cooling a t  the 8600 F inlet-air temperature conditions, 
(2 )  the decrease i n  convective heat-transfer coefficient  result ing from 
decreases  in mass air flows at the high inlet-air temperature, and (3) 
increases  in  radiant heat t ransfer  that m i g h t  be expected f rom increased 
flame temperatures. 

rl 

These results have shown that the most significGnt  effects on l i n e r  
temperatures were produced by changes i n  inlet-air temperature and i n  
fuel-& r a t io .  Because of the limited amount  of data , no rigorous 
correlation of the ef fec t  of inlet-air parameters was  possible,  especial- 
l y   i n  view of the w i d e  c i r cde ren t i a l   va r i a t ions   i n   l i ne r   t empera tu re  
that have  been shown t o  exist i n  this  type of combustor (ref.  5). How- 
ever,  preliminary  calculations have shown that radiant  heat  transfer 
*om the flame to the l i n e r  should  increase  appreciably w i t h  increasing 
fuel-air r a t i o  and Met-air  temperature  and slightly  with  increasing 
pressure and w i t h  decreasing  velocity  or mass air flow; these calcula- 

41 t ions are, in  general,  consistent with the results obtained. 

P Insufficient  informatioh i s  available on the velocity and direc- 
N t i o n  of flaw a t  the various  locations  within the flame zone to explain 

0 
pl 

c 

2 the variation  in  l iner  temperatures with conibustor length (fig.  5) i n  - terms of heat-transfer  factors. The only  consistent  trend w a s  obtained 
a t  the hi@ inlet-afr temperature conditions, where liner temperatures 
decreased w i t h  ax i a l  dTstance *om the nozzle. "he data were obtained 
at two circumferential  locations  only  and, as noted  previously,  large 
circumferential temperature variations  can be expected i n  this conibus- 
tor.  Figure 5 does show, however, that at the  high inlet-air telqpera- 
ture  investigated,  excessive  liner  temperatures were observed, particu- 
l a r l y   i n  the upstream end of the combustor. For sa t i s fac tory  durabiIity 
at these  conditions , additional  cooling would be required. 

Carbon Deposition 

One of the  objectives of t h i s  investigation w a s  t o  determine the 
effect on carbon deposition of combustor operation at high inlet-air 
pressures, temperatures, and veloci t ies  - conditions that might be 
encountered at high flight speed8 and with  high-pressure-ratio engines. 
Previous work (ref .  1) has shown that, a t  low inlet-air temperatures, 
carbon  deposition  increased rapidlywith inoreasing  pressure; this trend 
was substant ia ted  in  the present  investigations  (fig.  7(a)). However, 
the data i n  figure 6 indicate that when inlet-alr temperature was in- 
creased,  carbon  deposition  decreased t o  a point w h e r e  the co&ination 
of high pressures and temperatures formed less carbon than the low- 

engines a t  subsonic flight speeds. This trend may be a t t r i bu ted ,   t o  a 
large  extent ,   to  the ef fec t  of l i n e r  w a l l  temperatures. It was shown 

- pressure,  law-temperature  conditions  encountered w i t h  current-production 

L 
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that, for  an  inlet-air  temperature of ZOO(' F,  l iner  wall temperatmes 
were generally  less  than 10000 F, while fo r  an  inlet-airotemperature of 
860' F,  l iner  temperatures varfed between loo@ and 2000 F. It appears, 
therefore,   that  as inlet-air  temperature was increased,  the combustor 
liner became too  hat   to  allow carbon  formation on the  walls.  Further 
subtan t ia t ion  of this idea may be found i n  the nature of the carbon 
deposits. A t  low inlet-air  temperatures,  carbon  deposition was u n i f o r m  
in  the dome and the upstream portion og the l i ne r ,  indicating that carbon 
formation was a regular and  reproducible phenomenon. A t  high  inlet-air 
temperatures,  both dome and l i ne r  were generally-very  clean and whatever 
carbon was found was concentrated i n  a few random locations which, pos- 
s ib ly  because of l aca l  cooling or the  condition of the metal at those 
points, were conducive t o  carbon  deposition.. These.. results are consist- 
ent with those  obtained i n  another  investigation  (ref. 6) where a simiiar 
l iner  had been  covered  with  a  ceramic  coating f& the purpose of increas- 
ing  liner  temperatures and thus reducing  carbon  deposition. In  that in- 
,vestigation  carbon  deposits i n  an  uncoated  "iiner"were  ariStributed uni- 
formly  over  the dome and the upstream area of the liner; the  deposits on 
the coated  liner, however, were concentrated i n  two locations on the 
l ine r  where some of the  coating had disintegrated,  while the r e s t  of the 
l i ne r  and the dome was clean. 

. .   . .  . 

I_ - 

1 -  

The increase i n  carbon  deposition with increasing  velocity  (fig. . 
8(a ) )  at constant  inlet-air  temperature,  pressure, and temperature rise 
has been  observed  previously  (ref. 1) and may be attributed  primarily 
t o  the increased fuel flow accompanying the  increase  in  velocity; the 
effect  on cabon  deposition of increase  in fuel flow result ing from 
changes in the   o therparawters  i s  discussed t o  a &-eater exbent in ref- - 

carbon deposition  (fig.  8(b)) is not  considered  particLkzly signiPic&iit 
because of the low magnitude of. carbon  deposits  obtained. A t  the  law- 
temperature-rise  condition the fuel-flow rate was very low and the t o t a l  
amount of carbon  deposited was tpo small t o  be reproduced  accurately. 
As a resul t ,   the   re la t ion between condugtar tfunpwature rise and carb0n 
deposits  per unit weight of fuel burned might be somewhat exaggerated. 

I erence 1. me effect of conitmstor teq-erat&e rise or-fiGl-atr r & f o - ~  "- -~ 
. " 

" - 

.. . 
- 

. " 

Smoke Formation . .. .. 

The ef fec ts  of var ia t ions  in   inlet-ai r  parameters on  smoke density 
( f ig .  9) exhibit two important  trends. The increase  in smoke density 
with increasing  pressure  (fig. 9(a)) has been  observed many times (e.g., 
refs.  1, 2, and 7) and,  according to  reference 7,  may be a t t r ibu ted   t o  
the decrease i n  the rate of diffusion and,. hence, i n  the ra te  of mixing 
of fuel and air result ing from the  increase i n  pressure. The increase 
i n  smoke density  with  increasing  inlet-air  temperature might be attributed + . 
t o  the enrichment of the primary combustion zone result ing from increased 
rates of fuel vaporization a t   t he  high inlet-air temperatures. The flame 

- : ~.~ 

" 

- 

e- - 
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teqperature may a lso  have been  increased. As a re su l t  of these two 

t i on  may have been greatly advanced. The decrease i n  smoke denaity a t  
an  inlet-air  temperature of 860' F might be at t r ibuted t o  a change i n  
the decomposition process of the   fue l  or  t a  increased  burning of the 
smoke as the   resu l t  of the  increased  exhaust-gas  temperature;  the  tests 
were conducted a t  a constant  tenperature rise of ll69 F so that, at an 
inlet-air  temperature of 8600 F, an  average  exhaust-gas  temperature of 
20250 F w a s  obtained. The effects of variations i n  reference  velocity 
( f ig .  9(b)) and combustor temperature rise (fig.  9(c)) on smoke are  not 
considered  significant  because of the smsll magnitude of smoke densit ies 
observed in these t e s t s .  

* factors,  cracking and decomposition  reactions  conducive t o  smoke forma- 

Conibustion  EfP;Lciency 

The attainment of high  co&ustion  efficiency  for  conditions of 
high  inlet-air  temperatures and pressures would not be expected t o  be 
as serious a problem as under sdsonic ,  low-pressure-ratio flight con- - ditions. The data presented  in  figure 10 essent ia l ly   s&stant ia te  this 
conclusion; the data also indicate that combustion efficiency was 
largely dependent on inlet-air temperature. Thus, at an inlet-air tern- 

velocity and with  decreasing  pressure,  trends w h i c h  are commonly ob- 
served in   tu rboje t  conibustors. However, at an  inlet-air  temperature of 
860° F, the  adverse  effect of increased  velocity on efficiency w a s  mini- 
mized by  the  beneficial   effect  of high  inlet-air  temperature on the  com- 
bustion  process; as a result, conibustion efficiency  decreased  very little 
with  increasing  velocity. The slight decrease in   codus t ion   e f f ic iency  
with  increasing temperature observed a t  the low-velocity  condition w o u l d  
not normally  be  expected, and maybe the result of low fuel-nozzle dis- 
charge  pressures  since, at constant inlet-air pressure and velocity, air 
mass flaws and,  hence, fuel flaws decrease w i t h  increasing  inlet-air  
temperature. 

- perature of 2000 F, conibustion efficiency  decreased  with  increasing 

It is noted i n  figure 10 that conibustion efficiency d u e s  slightly 
higher than 100 percent were obtained  in a f e w  cases. The er rors  are  
bel ieved  to  be due t o  inadequate  average  temperature rneasurentents caused 
bythermocoqle   errors ,   insuff ic ient  flaw s a q l i n g ,  or  lack of nass 
weighting of tenperatures.  Inadequate flaw sampling, especially of the  
cold  gases  near  the wall, appears to   be  the most l ikely  source of error. 
As a result, absolute  eff ic4Fency values m u s t  be considered t o  be, on the 
average, somewhat high. Relative  efficiency values, however, are be- 
lieved t o  be good and, hence,  any  observed trends are considered t o  be 
significant. 
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Liner  Thrability 

Although the   e f fec ts  of variations  in  inlet-air  parameters on 
'structural   durabili ty of the liner were not  investigated as such, certain 
conclusions  can be derived from operating  experience. A t  the low in le t -  
air temperature  conditions, no l i n e r  failures were encountered  and, i n  
general, no serious  l iner  deterioration was observed a f t e r  as much as 
15 hours of intermfttent  operation;  average exhaust-gas temperature 
v a r i e d  from about 1 0 0 ~  t o  2O0O0 F during that time. These operatfng 
conditions were, in  general,  not m o r e  severe than the conditions a t  
which this cornbustor operates in a current  engine, namely, i n l e t - a i r  
temperatures ug t o  4580 F, pressures  to 7 5  pounds per  square  inch  abso- 
lute ,   reference  veloci t ies   to  1 2 5  feet per second,  and exhaust-gas tem- 
pera tures   to  1400' F. However, a t  inlet-air  temperatures of 860° F,  
pressures of 176 pounds per  square  Inch  absolute,  reference  velocities 
of 130 and 170 feet   per  second, and exhaust-gas temperatures of approx- 
imately 2000° E', l i ne r   s t ruc tu ra l  failures occurred after only short  
periods of operations. Holes were burned in   different   par ta  of the 
l ine r  and the   l iner  was frequent ly   par thl ly   col lapsed.  A photograph 
of a typ ica l   l iner  failure is shown in   f igure  12. 

" 

Such failures can be attributed primarily t o  the  high  l iner  t e m -  
peratures and the high pressure drops associated w i t h  the  preceding 
operating  conditions. Thus, it w a s  sham that, f o r  an  inlet-air  tem- 
perature of 860' F, liner  temperatures  generally v a r i e d  between l o w  
and 2O0O0 F. Likewise the pressure  differential   across the combustor 
l i n e r  was high. Although the data presented i n  figure 11 indicate that 
the pressure-loss coefficient AF/qr for  this combustor wa8 in the 

tr) 

CD 
Q 
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range of many current  turbojet conibustors, the  pressure-loss  coefficient 
increased with increases  in  velocity and pressure. I n  addition, the 
increases  in  velocity and pressure  increased g, and hence A€' sub- 
s tan t ia l ly .  A t  the high-pressure  condition,  absolute pressure drops 
greater than 20 pounds per  square  inch were encountered, compared with 
approximately 5 pounds per  square  inch for this combustor at rated en- 
gine speed and static  sea-level  conditions. Thus, the conibination of 
high liner  temperatures and high pressure drops presents a ser ious  l iner  
durabi l i ty  problem tha t  would demand dras t ic  conbustor  design changes 
f o r  supersonic flight applications. . 

SUMMARY OF RESULTS 

The following results w e r e  obtained from an  investigation of the 
e f fec ts  of large  variations i n  conibwtm-inlet pressures, tempersturee, 
and veloci t ies  on l i n e r  temperature,  carbon  depositfon, smoke forma- 
tion,  c&ustion  efficiency, and l i ne r   du rab i l i t y   i n  a single tubular 
combustor : 
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- 
1. A t  constant inlet-air pressure and velocity,   l iner temperatures 

increased w i t h  increasing inlet-air temperatures;  the  increase i n   l i n e r  
temperature was generally  considerably greater than  the  increase i n  
inlet-air  temperature. In comparison, the   e f fec ts  of other inlet-air 
variable s were minor. 

- 

A t  an  inlet-air  temperature of 860° F, liner  temperatures  varied 
between approximately 1000° and 2oOOo F and increased  with  increasing 
fuel-air ra t io .  A t  an inlet-air temperature of 20O0 F, l i n e r  tempera- 
tu re  var ied  between approximately ZOOo and 1 O W  F, but  exhibited no 
consistent  trend  with changes in   fue l -a i r   ra t io .  

2. Total  carbon  deposition  generally  decreased  with  increasing 
inlet-air temperature. A t  l o w  inlet-air temperatures,  carbon  deposition 
increased  rapidly  with  increasing  pressure; at high inlet-air tempera- 
tures, carbon deposits were small over the ent i re  range of  pressures. 

A t  low in le t -a i r  temperatures, carbon  depositlon w a s  uniform i n  
the dome and the upstream  end of the  l iner ;  a t  high  inlet-air  tempera- 
tures,   the dome and l i ne r  were generally  very  clean and  whatever  carbon 
w a s  formed under those  conditions w a s  found in one or  more isolated 
places i n  the  upstream  end of t h e   c d u s t o r .  

- 

- 
3. Smoke density  increased as inlet-air pressure wa6 increa.sed and 

a8 inlet-air _temperature waa increased from 200' t o  600' F; further in- 
creases  in inlet-a* temperature  decreased smoke density. 

4. A t  an inlet-air temperature of 200° F,  combustion efficiency 
decreased  noticeably  with  increasing  velocity and with  decreasing  pres- 
sure; a t  an inlet-air temperature of S6Oo F, combustion eff ic iencies  
were appreciably  higher and the   e f fec ts  of pressure and velocity on 
co&ustion  efficiency were considerably smaller. 

5. Operation of the combustor a t  high  inlet-air  temperatures, 
pressures, azid veloci t ies   resul ted  in   f requent   l iner  failures due t o  
extreme w a r p i n g  and  burn-outs. 

Lewis Flight Propasion Laboratory , 

National  Advisory Committee f o r  Aeronautics 
Cleveland, Ohio, January 26, 1955 
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TABU I. - PHYSICAL PROPERTIES c[F MIL-F-5624B, 

GRADE JT-4 FUEL 

Fuel  properties MIL-F-5624B 

T ade Jp-4 
RACA f u e l  

52-288) 

A.S.T.M. distillationpD86-46, ?F 
I n i t i a l  boiling point 
Percentage  evaporated 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 

Final boiling point 
Residue,  percent 
Los s f  percent 

Aromatics, percent by volume 
A.S.T.M. D875-46T 
S i l i c a  gel 

Specific  gravity 
~ i scos i ty ,   cen t i s tokes  a t  looo F 
Reid  vapor pressure, lb/sq in. 
Hwogen-carbon r a t i o  
N e t  heat of codus t ion ,  Btu/lb 
NACA "K" fac tor  

139 

224 
253 
291 
311 
324 
333 
347 
363 
382 
413 
486 
1.2 
0.7 

10 
10.1 

0.776 
0.935 

2.7 
0.168 

18,675 
278 



TABLE 11. - PERPORMANCE DATA OF SINOLE TUBULAR COIIBUSTOR 

(a) Liinsr wall temperature t e s t a .  

Run I II 21 31 1 1  51 81 71 81 91 101 111 121 l. 3 1  141 151 16 
Combustor-inlet t o t a l  57 .7  57.1  57.3 67.7   51 .7  58.2 57.8 67.8 57.8 58.2 57.8 57.8 58.2 58 . 2  58.0 57 .8  

i 
I 

4 1 

I 

I 

i 
I . .  

I I 

. .  
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TdBLE 11. - Cmtinued. -CB DATA OF SINQLX luBuLAR CRaB08TOR 

(a )  Conoluded. L i n e  wall tampeahturs tenta 

=I 231 241 esl 2 8 1  2 
175.81 176.81 176.41 176.41  175.41  176.61  176.41  178.21  178.21  177.01  175.81  175.8 

71 281 2 9 1  J O I  S11 3IF 

I I I I I I I I I I I I I I I I 
Air f lm,  lb/nao 701 10.761 15,561 
Cmbuatar - in le t  172 173  71 70  70 70 69 71  71 79 73 1 

13.361 13.281 1 5 , 4 6 1  13.231 ij .74l  6,721  6.731 6.731 12.981 12.401 12 
32  125  128  132 13 

.37l  12.581 12.48 
1- 

mlsrcnoe vcloolty,  

a 
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TABLE 11. - Continued. PERPOFIMANCP DATA OF  BINOLE TUBULAR COMEUSTOR 

(b) Carbon-deposition tests 

pressure, 
lb/sq in. 

35.1 
35.1 
35.2 

38 do.0 
39 

59.9  41 
60.0 40 
60.1 

' 86.0 48 
49j  65.e 
5 0  

173.5 51: 
85.9 

53 173.2 
52' 173.2 

5 4 t  179.1 

ombua t or. 
n l e t  tern. 
mature, 

op Ii velocity,  
f t/s ec 

2.93 
2.32 

75 

1.93 
79 

1.52 
5.10 78 

79 
a 1  

3.90 
5.13 78 

78 
9.14 77 
2.56 
7.32 79 

79 

'IMlUdeB 11.5 E r m  in exhauat section. 
bInoludes 4.0 g f a m d  in exhaust sectlon. 

5.67 
4.56 

79 

3.65 
79 

3.89 
78 

9.38  132 
79 

1365 
1565 
1765 
2025 
1365 

1365 
1565 
1760 
2036 
lSS0 

1570 
1770 
2029 

sq 
1570 
1160 
1975 
1340 
1340 
1765 
mE-5 

, 

ombustim 
fflolency 
percent 

102.4 
102.7 
99.2 
91.4 

102.5 

105.1 
102.0 

. ,  

97.2 , 

87.4 
lpl .4 

1Q3.4 
1 0 4 . 7  

P9.8 
17.4 

l j j2.5 

98.6 
U1.5 
96.7 

103.6 
Lo4.0 
W . 9  
99.4 

- 
D 
P 

C 
, a  

" 

L 

' lfferential 
remure 
crosa 

lb/aq Fn. 
ombustor, 

1.3. 
1.5  

1.1 
.a 

2.1  

2.4 
1.4 
1.2 
1.1 
2.9 

1.e 
1.6 
1.1' 
1.8 
7.3 

18.8 
2.5 
2.5 
7.0 
7.4 
4.1 
3.7 

5.2 

12.2 
.8 

2 

2 
2 

4.2 2 
9.4 

1.8 
a12.0 

3 17.7 

3 .I 11.0 

I! 1 '16.4 
2 .9 





76 
77 
78 
79 
80 

81 
82 
83 
84 
85 

86 
87 
88 
89 
90 

91 
92 
93 
94 
95 

96 
97 
98 

-00 
99 

57.9 
57.5 
57.9 
57.9 
57.9 

57.5 
57.5 
57.5 
57.9 
59.9 

58.3 
57.9 
57.9 
57.9 
58.3 

57.9 
57.5 
57.9 

57.5 
57.9 

57.5 
57.9 
57.5 
58.3 
57.5 

I .  I 

1 , ' .  
i 

. .. . .. . 

TABLE 11. - Continued. PERPOFiMANCE DATA OF SINGLE TWULAR COK6IJSTOR 

(d )  Combustion efficiency and pressure-drop  tes ts  

:ambustor- 
l l l e t  tem- 
,erature, 

OF 

198 
198 
198 
200 
200 

202 
203 

201 
200 
195 

240 
19s 
200. 
200 
?oo 
200 
846 
865 
864 
866 

a5a 
a58 
a57 
862 
865 

4.42 
4 .40  

4.44 
4.40 

8.18 
8.17 
8.17 
8.19. 
8.17 

.O. 56 
8.20 

.O .50 

.o .56 

.O. 56 

.o. 58 
2.37 

2.38 
Q.38 

4.38 

e.38 

4.08 
4.09 
4.09 
4.09 
4.09 

:ombustor- 
nlet 
.eference 
relocity,  

f t /sec 

70 

69 
70 
70 

13  2 
132 

131 
130 
128 

130 
169 

169 
168 

168 

169 
75 
76 
77 
76 

130 
130 
130 
129 
1 3 1  

70 
126 
188 
26 6 
350 
445 

233 
357 
457 
53 7 
693 

7 73 
339 
500 

79 2 
6 5a 

a43 
50 

125 
84 

157 

7 1  
120 
170 
223 
283 

- 
bel- 
rir 
:at lo  

). 0079 
.0119 
-0169 
.0219 
.0281 

. m 7 9  

.012l 

.OX5 

.om2 

.0236 

.a262 

.ox2 

.0089 

.0173 

. a m  
-0222 
.0059 
.0104 
-0146 
.01a3 

.mu 

.0082 

.0116 

.a152 

.a192 

lean 
:ombustor- 
rut le t  
;emperatwe, 

OF 

780 
105a 
1375 
1700 
sox) 

7% 
995 

1220 
1425 
1700 

1855 

low 
720 

1490 
12eq 

156Q 
1205 
1525 
1775 
m2d 
1150 
1365 
1585 
1800 
2040 

99.6 
99 .8 

100.2 
101.5 

99.1 

90.7 
88.3 

93 .O 
97.2 
95.0 

95.4 

84.2 
79.2 

93.4 

90.3 
90.3 

96.8 
96.3 

93.7 

88.6 

96.1 
93 .O 

97.1 
96.3 

a9 .E 

) l f fe ren t la :  
r e s s u r e  
tororm 
I ombue top, 
lb/sq. in. 

1.7 
1.8 
1.9 
2.1 
2.4 

6.5 
7.5 
7.8 

9.4 
8.4 

1.a.4 
14.1 
15.3 

18.7 
11.0 

19.2 
.6 
.7 
.8 
.8 

2.6 
2.7 
2.8 
2.9 
3.1 

I 8 

I .  :. - . ... . . . . . . . . . 
s m  i 

. . . . . . . . 

N 
N 

I 
F 
E 

5 
IA 

N 
P 

. .  



I 
I 

- 
Run 

- 
101 
102 
103 
104 
105 

106 
107 
108 

110 
109 

111 
112 
113 
114 
115 

116 
117 
118 

120 
119 

121  
122 
123 
124 
125 

essure, 

57.9 
57.5 
57.5 
57.9 
57.9 

57.5 
176 .l 
176.1 
176.1 
177.7 

176.5 
176.1 
176.1 
175.3 
174.5 

177.3 
176.9 

176.1 
176.1 
176.1 

176.7 
176.1 
174.5 

176.9 
175.3 

TABLE 11. - Cancluded. PXRFORMANCE DATA OP SINW.3 'IWULAR COneUSTaR 

(a) Concluded. COmbUEtiOn ef f ic iency  and pressure-drop tests 

Combustor- 

acroaa capacity,  percent outlet ratio lb/hr re ference  lb/sec perature,  
p ressure  nozzle e f f ic iency ,  cmbuBtm- ar flow, 
Different ia l   Puel-  Combuatlon 

i n l e t  flow, i n l e t  tern- 
Mean Fuel- Puel Combustor- Air 

9 velocity,  
lb/sq in. P f t/s eo 

combustor, gal/hr t e r n p e p m e ,  

868 
863 
865 
860 
8% . 
858 
206 

202 
La4 

XK, 

200 
200 

203 
204 

203 

866 
872 

866 
856 
853 

869 
860 
862 
866 
865 

5.29 
5.28 
5.28 
5.33 
5.29 

5.29 
13.50 
13.62 
13.43 
13.56 

13.47 
13.47 
24.70 
24.74 
24.59 

6.75 
6.73 
6.73 
6.70 
6.66 

12.39 
12.39 
12.38 
12.38 
12.38 

170 
170 
170 
170 
168 

169 
71 
7 1  
70 
70 

70 
70 

130 
131 
131 

71 
70 
70 
70 
69 

130 
129 
131 
130 
129 

0.0029 
.0068 

1040 

1805 .0153 
1660 .012e 
1480 .0098 
1280 

.0181)  1955 
-0072 730 

129 
56 

187 

292 
246 

344 
350 
531 .0109 loio 
723 .0150 
913 . O M 7  

1285 
1535 

1075 .0222 1770 
1265 .0261 

763 .0086 
2000 
805 

1180 .0132 1105 
1390 .0157 1270 

102 .0042 1135 
1-77 

1540 .0102 246 
13M) .0073 

340 
2015 
1765 

.Ole6 443 

.0141 

153 .0034 1080 
343 .m77  1360 
489 

.0141 630 
1560 .0110 

1990 -01RP 810 
1770 

85 .O 
91.3 

'94.5 
95.8 
96.3 

98.2 
95.8 

102.4 
103 .O 
104.0 

105.4 
104.9 

95.2 
95.4 
96.8 

91.7 

100.5 
98.7 

93.7 
99.4 

89.6 
97.0 
96.7 
99.0 
97.8 

60 

110 

4.6 
4.9 
5.2 

5.4 
5.4 

5.6 
5.4 
5.8 
6.4 
6.7 

7.0 
7.3 

20.0 -"- 
-"- 

2.2 
2.2 

2.3 
2.4 
2.4 

8 - 6  
9.2 

10.1 
9 . 8  

10.5 

E '  %= 

w N 

.. . 
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- 
Run 

- 

77 
76 

78 
79 
80 

81 

83 
82 

a4 
a5 

86 
87 
88 
89 
90 

9 1  
92 
93 
94 
95 

96 
97 
98 

LOO 
99 

- 

TABLE 11. - Continued. PERFORMANCE DATA OF SINCtLE TWULAR COMBUSTOR 

(a) Combustion eff ia ienoy and pressure-drop t e s t a  

:ombustor- Cmbuetor- 
. n l e t  
iota1 

i n l e t  tem- 

) reaswe,  
perature,  

OF 
.b/sq In. 

abs 

57.9 
57.5 
57.9 
57.9 
57.9 

57 ..5 
57.5 
57.5 
57.9 
59.9 

58.3 
57.. 9 
57.9 
57.9 
58.3 

57.9 
57.5 
57.9 
57.9 
57.5 

57.5 
57.9 
57.5 
58.3 
57.5 

198 
198 
198 
203 
200 

No9 
202 
201 
200 
195 

200 
199 
200 
200 
2Do 

200 
846 
865 
864 
865 

858 
858 
857 
86 2 
865 

:1m, i n l e t  
.b/seo reference 

veloci ty ,  
f t /sec 

4.40 

8.17 
8.19 

131 

8.17 
130 

.O .56 
8.20 

.o .50 

.O .56 

.O. 56 

.O. 56 
2.37 
2.38 
2.38 
2.38 

4.08 

4.09 
4.09 

4.09 
4.09 

130 

168 
169 

169 
168 

169 
75 
76 

78 
77 

130 
130 
130 
129 
131 

"-7 

,0281 

.OM8 

.0082 

le an 

u t l e t  
;emperatwe, 

! ombus t or - 

OF 

1050 
780 

1375 
1700 
2020 

7 20 * 
1425 
1700 

P 1560 490 

1205 
1525 
1'175 
2020 

1150 
1385 
1585 
1800 
2040 

:ombuatian 
!fflclency, 

percent 

99.6 
99.8 

101.5 
loo. 2 

99.1. # 
95.4 
79.2 
84.2 
89.2 
90.4 

90.3 
90.3 
96.3 
96.8 
99.7 

88.8 
93.0 
96.1 
96.3 
97.1 

Uel-  
iozzle 
:apacity, 
gal/hr 

l i f fe ren t ia :  
lreseure 
. a r o s ~  

1.7 
1.8 
1.9 
2.1 
2.4 

6.5 
7 .5  
7.8 
8.4  

" 9 . 4  ... 

10.4 
14.1 
15.3 
17.0 
18.7 

19.2 
.6 
.7 
.8 
.8 

2.6 
2.7 
2.8 

3 . 1  
2.9 

I 
; I  

1 

N w I 
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Figure 1. - Single-combustor instal la t lon and auxiliary equipmart. 
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i 

Reference Inlet-air t velocity, 
ft/eec 

temperature, ’ 
op 

0 800 Is00 2400 
Etmust-gas temperature, OF 

(n) Thermocouple 14. 

Figure 4.  - Concluded. Effect of operating conditions on liner temperatures. 
1 
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Dietance from fuel nozzle, in. 
(b) Thurmocouples in line w i t h  louvers; inlets ir  temperature, 860' F. 

Figure 5 .  - Effect of axial dfstanca on liner temperstures. B h a ~ ~ ~ t - g ~ e  temperature, 

I 

16W0 F. * 
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(c) Themcouplea between air holes 5 itllet-air 

”- 

“-A 176 
176 

4 6 e 10 12 
Distance from fuel nozzle, in. 

(a) Thermocouples between air holes; inlet-air 
temperature,  860° F. 

Figure 5. - Concluded. Effect of axial distance 
00 IiXlCr “ture8. $xhsust-@6 bmpCm- 
ture,  16000 F. 
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0 2 00 400 600 800 lo00 
m e t - a i r  temperature, OF 

Figure 6. - Effect of inlet-air temperature on carbon deposi- 
tion. Met-a i r  reference  velocity, 78 feet per second; 
combustor temperature r ise ,  1165' F. 
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0 40 80 120 160 
Inlet-air   total   pressure,  lb/sq in. abs 

(a) C a r b o n  deposit on basis of grams per hour. 

Figure 7. - Effect of inlet-ai r   to ta l   pressure on cFbon depo- 
sition.  Inlet-air  reference  velocity, 78 f ee t  per second; 
combustor-temperature r i s e ,  1165O F. 
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temperature, 
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( b )  Carbon deposit on baeia of grams per 1000 pounds of 
fuel burned. 

Figure 7. - Concluded. EX'fect of inlet-air t o t a l  pressure on 
carbon deposition. Inlet-air reference velocity, 78 feet 
per second; combustor-temperature rise, U650 F. 
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(b) Inlet-air reference velocity, 78 feet per second. 

Figure  8 .  - Effect of coaibustar temperature rime and blet-air reference 
velocity on carbon depoBition. Inlet-air total preseure, 86 pounds 
per equere inch absolute; inlet-air temperature, 400' F.  
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(a) Effect of Wet-air temperature a ~ d  pressure. Inlet-sir 
reference  velocity, 78 feet per  second;  conibustor tempera- 
ture r i se ,  1165' F.  

01 
" - . - ,. " 

c d b  

c 
60 60 100 120 140 160 180 

m e t - s i r  reference  velocity,  ft/sec 

(b) Effect of inlet-sir reference  velocity. Inlet-& temperature, 400' Fj 
inlet-air tota l  pressure, 86 pounds per square inch  absolute; combustor 
temperature rise, U 6 5 O  3'. 

T I 

Figure 9. - Effect of N e t - a i r  conditions on smoke density. 
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C o m b u s t o r  temperature rise, OF 

(c)  Effect Crp combustar temperature r ise .  Inlet-sFr t o t a l  pressure,. 86 pounds per 
square  inch  absolute; inlet-air temperature, 400' F; Inlet-air  reference  velocity, 
78 feet  per second. 

Figure 9. - Cimoludea. Eefect o f  W e t - a l r  condltlons on smoke density. 
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t 

(a)  Inlet-air  total pressure, 58 pounds per square inch absolute. 

.010 ,014 .018 .022 .026 . O x ,  
Fuel-air ratio 

(b)  Inlet-alr totaL preemre, 176 pounds per square inch absolute. 

Figure 10. - Xffect of inlet-air conditione on cambustion efficiency. 
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c 

(a) ~nlat-s~r total pressure, 58 po~nde par square absolute. 

41 

(b) Inlet-air total preseure, 176 pounds per square inch absolute. 

Figure ll. - gPiect of inlet-sir collditione op total-pressure drop. 



42 

.. . 

. "  

,- TI.. " 

.. . 

.~ . . -  

- .  
.. . 

. .  

. . . . . . . 

yi 

"- . 
. .. 

. . .  

. ." 

"- 

. " 

" . 

.. . 

." . . 

- 

Figure 12. - Warped liner. c-37045 
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